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We report on optical properties of reduced BaTiO3−� at different doping levels including insulating and
metallic samples. In all the samples, including metallic one, we observe structural phase transitions from the
changes in the infrared-active phonon modes. Metallic ground state is confirmed by the Drude-type low-
frequency optical reflectance. Similar to SrTiO3−� we find that the midinfrared-absorption band in BaTiO3−�

appears and grows with an increase in the oxygen-vacancy concentration. Upon decrease in temperature from
300 K, the midinfrared band shifts slightly to higher frequency and evolves into two bands: the existing band
and a new and smaller band at lower frequency. The appearance of the new and smaller band seems to be
correlated with the structural phase transitions.
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I. INTRODUCTION

Recent attention to BaTiO3 and SrTiO3 perovskites as
possible hosts for tunable superconductors,1 thermoelectric
devices,2 and nondestructive tunnel resistance ferroelectric
�FE� memory3 calls for better understanding of their elec-
tronic properties. Different strength of electron-phonon cou-
pling in n-type SrTiO3 and BaTiO3 have been invoked to
classify these materials into the large and small polaron cat-
egories, respectively.4–7 The origin of the different nature of
the electron-phonon interactions in these two compounds is
not clear, however, especially considering very similar lattice
constants and identical valence electronic structure.

Although recent studies suggest that the two perovskites
possess more similarities than previously thought, significant
differences exist in the magnetic and electronic properties of
SrTiO3 and BaTiO3, especially in metallic phase. For ex-
ample, metallic SrTiO3 shows nearly temperature-
independent Pauli paramagnetism as well as T-independent
Hall coefficient. Metallic BaTiO3, on the other hand, shows
correlation among strongly T-dependent magnetic suscepti-
bility, Hall and Seebeck coefficients.8 Certain problems with
the classical small polaron interpretation of the charge trans-
port in n-type BaTiO3 have been addressed by one of the
authors9 who has also explained insulator-metal transition in
BaTiO3−� in terms of a scaled Mott criterion.8,10

Strong coupling of charge carriers with the high-energy
longitudinal-optical phonons has been advocated by classical
small polaron theories to explain thermally activated electron
mobility.11 In contrast, piezoresistance measurements on
BaTiO3, SrTiO3, KTaO3, and KTa1−xNbxO3 reveal that con-
duction electrons interact most strongly with the low-energy
�soft� transverse-optical �TO� phonons, with BaTiO3 demon-
strating the highest piezoresistance effect among the crystals
studied.12 Another channel of electron scattering in BaTiO3
that, until now, has been completely ignored is related to the
positional disorder of Ti ions. Comès et al.13 proposed an

order-disorder model of the phase transitions in BaTiO3
based on the eightfold off-center positional degeneracy of Ti
ions �Fig. 1�.

Recent findings provided by terahertz and infrared �IR�
data on tetragonal BaTiO3 indicate that the characteristic De-
bye frequency of the central �relaxation� mode associated
with the off-center Ti dynamics is on the order of 100 cm−1

which is comparable with the eigenfrequency of the low-
energy �soft� phonons.14 In view of extremely large ampli-
tude of Ti off-center displacements �e.g., 0.19 Å� one may
expect strong dynamic perturbation of the conduction-band

FIG. 1. �Color online� Phase transformations in BaTiO3 accord-
ing to order-disorder model of Comès et al. �Ref. 13�. C, T, O, and
R designate cubic, tetragonal, orthorhombic, and rhombohedral
phases, respectively. Large �green� and small �red� spheres desig-
nate Ba and Ti ions, respectively. Oxygen octahedra are not shown.
Off-center displacements of Ti ion along �111� body diagonals are
exaggerated for clarity. Note the change in the positional degen-
eracy of the Ti ion in different phases. The position of Ti ion is
eightfold, fourfold, twofold, and zerofold degenerate in the C, T, O,
and R phases, respectively.
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width at the onset of the Ti disorder.15 In fact, disorder in the
form of microscopic clusters of orthorhombic Ti off-center
displacements exists already in rhombohedral phase as re-
vealed by Mn4+ electron paramagnetic resonance �EPR�.16,17

Evidence of both order-disorder and displacive character of
the phase transitions in BaTiO3 has been found by variety of
techniques including nuclear magnetic resonance,18 extended
x-ray-absorption fine structure, x-ray-absorption near-edge
structure,15 Raman,19 and IR �Ref. 20� spectroscopy. It be-
comes obvious, therefore, that both resonant �optical
phonons� and nonresonant �relaxation� modes have to be
considered in the problem of electron-lattice interaction in
BaTiO3.

Significant insight into the interaction of itinerant elec-
trons with the lattice degrees of freedom is provided by a
wide band optical spectroscopy. Most of the literature so far
has been dedicated to n-type SrTiO3,21–25 and only a limited
number of papers have addressed optical properties of n-type
BaTiO3.26,27 Crandles et al.23 studied highly reduced
SrTiO3−� by using optical spectroscopy. They observed
broadening of the phonon modes with an increase in the
oxygen vacancy, VO, density as well as VO-induced mid-IR
�MIR� band whose strength scales with carrier
concentration.23 The most reduced sample, SrTiO2.72, dis-
played a localization-modified Drude optical conductivity
that was attributed to the dynamic disorder introduced by the
oxygen vacancies.23 In the most recent studies, enhancement
of effective electron mass by a factor of 2–3 has been de-
duced from a narrow Drude peak and MIR absorption band
in the Nb-doped SrTiO3.25 It is worth mentioning that the
origin of the MIR band in cuprates, nickelates and titanates
remains controversial. MIR absorption band in n-type
SrTiO3 and BaTiO3 has been explained by different authors
in terms of the disorder-assisted Ti 3d intraband scattering,21

photoionization of the F centers,23,26 multiphonon
absorption,25 and optical excitations of small/large
polarons.4,24

In the paper, we report on correlations between electron
and lattice dynamics in BaTiO3−� single crystals as evi-
denced by significant changes in the temperature and doping
dependence of optical reflectivity and conductivity. IR data
confirm that both insulating and metallic samples undergo
crystallographic phase transitions, thus supporting recent
findings of “ferroelectric metal” ground state in BaTiO3−�.28

The most remarkable effect of electron doping is found in
colossal renormalization of the soft TO mode in BaTiO3−�. In
contrast to n-type SrTiO3 where the soft-mode energy in-
creases with the free-electron density,22,25,29 the energy of the
TO soft mode in the rhombohedral phase of BaTiO3 shows
pronounced drop upon increase in electron concentration. In
addition to the Drude part, optical conductivity of metallic
BaTiO3−� reveals that the soft TO mode splits into low- and
high-frequency components. The energy of the high-
frequency component recovers to that of undoped BaTiO3.

II. EXPERIMENTAL METHODS

Details of the single-crystal preparation as well as dc re-
sistivity, Hall, thermoelectric power, and magnetic measure-

ments of BaTiO3−� have been already reported in Ref. 8. For
optical studies we selected four BaTiO3−� crystals with
charge-carrier concentrations of n�1�1012 cm−3 �un-
doped�, 3.9�1017 cm−3, 3.1�1019 cm−3, and 2.0
�1020 cm−3 designated hereafter as B1, B2, B3, and B4,
respectively. For undoped and lightly reduced BaTiO3−� with
n=3.9�1017 cm−3 it was possible to identify single domain
crystals in the tetragonal phase �270�T�403 K� by a po-
larizing microscope. For more heavily reduced �nontranspar-
ent� samples, we took advantage of anisotropic resistivity in
tetragonal phase30 for selection of the single domain crystals
for optical measurements.

Reflectance data were obtained in a spectral range from
50 cm−1 to 40 000 cm−1 by using a commercial Fourier-
transform IR-type spectrometer, Bruker 66v/S with spectral
range extension packages �both far infrared and ultraviolet�.
Optical measurements were performed at selected tempera-
tures in the 20–300 K range using a continuous flow liquid
4He cryostat made by R. G. Hansen & Associate. For accu-
rate reflectance measurement an in situ gold evaporation
method31 was employed. In this method gold �below
20 000 cm−1� and aluminum �above 20 000 cm−1� films
�typical thickness �200 nm� evaporated on the sample were
used as the references for the reflectivity. Absolute reflec-
tance was obtained by multiplying the absolute reflectance of
the coating material to the measured relative reflectance with
respect to the coating material. An automatic temperature-
controlled reflectance measurement system ensured repro-
ducible and reliable measurement of reflectance data.

For reflectance data above 40 000 cm−1 we measured un-
doped BaTiO3 up to 175 eV by using electron energy-loss
spectroscopy �EELS� technique.32 EELS characterization
was carried out on a JEOL 2010F transmission electron mi-
croscope with a Schottky field-emission gun operated at 200
keV. The microscope is equipped with a Gatan Tridiem en-
ergy filter for EELS measurements. Because in an electron
energy-loss spectroscopy one measures the dielectric re-
sponse of the sample, it is possible to extract the real and
imaginary part of the dielectric functions, and therefore the
reflectance of materials. A Kramers-Kronig �KK� analysis33

was performed on a single-scattering distribution �SSD� ex-
tracted from the EELS spectrum using deconvolution rou-
tines available in the DIGITALMICROGRAPH environment. The
SSD is proportional to the energy-loss function Im�
−1 /�����, where ���� is the complex dielectric function. Ex-
tensions to the spectra for energy loss above 200 eV ensured
an accurate energy integration in the Kramers-Kronig trans-
formations and corrections to take into account the collection
angle and the surface contributions were also included. Fi-
nally, the dielectric function was normalized using the opti-
cal refractive index. The reflectance was then obtained by
using the Fresnel formula, R���= �������−1� / ������+1��2.
The EELS data were used for extrapolation of the optical
reflectance to the high-frequency side. Optical conductivity
was obtained by the KK transformation.34,35 For KK analysis
one has to extrapolate the measured reflectance into both low
��=0� and high ��=�� frequency sides. For the �=0 ex-
trapolation of conducting samples we have used the mea-
sured dc resistivity, 	, assuming Hagen-Ruben relationship,
R=1–2��	 /2
. For the �=0 extrapolation of insulating
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sample we have used a low-frequency dielectric constant
data available from literature.36 For the �=� extrapolation
we have applied R�����−4 relation above the maximum
measured frequency of 175 eV. A detailed procedure for KK
analysis of optical data can be found, for example, in Ref.
37.

III. RESULTS

A. dc resistivity

Figure 2 shows dc resistivity, 	, of the B2, B3, and B4
crystals. The data were taken on both cooling �solid line� and
heating �dotted line�. One can notice hysteresis in the 	 vs T
dependence at the structural phase transitions. The electron
concentrations, n, were obtained from RH measurements at
400 K. The B2 sample �n=3.9�1017 cm−3� shows insulat-
ing behavior in the R phase with an activation energy of
approximately 0.1�0.01 eV. Heavily reduced B4 sample
�n=2.0�1020 cm−3� is metallic with resistivity decreasing
on cooling. The B3 sample with n=3.1�1019 cm−3 shows
almost temperature-independent resistivity below 80 K and
is located on the insulating side of the metal-insulator tran-
sition. In a separate study, we confirm that anomalous steps
in the dc resistivity �Fig. 1� correspond to the phase-
transition temperatures determined by differential scanning
calorimetry.28 Doping with oxygen vacancies causes signifi-
cant reduction in the phase-transition temperature in agree-
ment with Ref. 38. The stability of the FE domain pattern
can be confirmed by recovery of electrical resistivity to the
same values upon thermal cycling in the 2–400 K range. The
threefold orbital degeneracy of Ti t2g electrons that exists in
the cubic phase is removed upon entering the T phase. This
is reflected in significant anisotropy of electron transport in
the T phase.8,30

Figure 3 shows temperature dependence of dc conductiv-
ity, , Hall coefficient, RH, Seebeck coefficient, S, and molar
magnetic susceptibility, �, of metallic B4 sample. A two-
band conduction model with a narrow energy gap has been
advocated by one of the authors in an attempt to explain
strong temperature dependence of RH, S, and � of metallic
BaTiO3.8 This model has yet to be confirmed or rejected by
the first-principles calculations of BaTiO3 in the low-
symmetry phases. An alternative explanation of the anoma-
lous magnetic and thermoelectric behavior of metallic
BaTiO3−� shown in Fig. 3 may require assumption of the
temperature-dependent electron effective mass, m��T�.
Strong renormalization of effective mass can be attributed to
the onset of the Ti off-center positional disorder which would
cause significant perturbation of the conduction-band edge.
Enhancement of effective mass is associated with an increase
in the density of states at the Fermi level and slowing down
of the Fermi velocity. Since renormalization of effective
mass is expected to scale linearly with the renormalization of
the relaxation time, ��, i.e.,

m�/m = ��/� , �1�

the electron mobility �=e�� /m� is not affected, and one may
not observe significant changes in the dc conductivity. The
Drude component of the optical conductivity,
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1��� = 0� 1

1 + �2��2� , �2�

1���, on the other hand, may undergo noticeable changes
provided that the ���T� enhancement is relatively steep. In
Eq. �2� 0=ne2�� /m� is the dc conductivity, � is the angular
frequency, and e is the elementary charge. If this scenario
holds for metallic BaTiO3−�, the most noticeable changes in
the optical data would be expected in the temperature range
of 200–275 K where material undergoes transformation from
orthorhombic to tetragonal phase �Fig. 3�.

B. Optical reflectance

Figure 4 shows ab-plane reflectance of the BaTiO3−�

samples with different electron concentrations at various
temperatures. The inset in the B1 panel shows an extended
room-temperature reflectance of undoped BaTiO3 up to 1.4
�106 cm−1 �	175 eV� obtained from the EELS measure-
ments. Our EELS data are in good agreement with reflec-
tance derived from the ultraviolet photoelectron spectros-
copy �UPS� �Ref. 39� also shown in the inset of panel B1.

Insulating BaTiO3 shows temperature-dependent reflec-
tance only below 700 cm−1 �Fig. 4, panel B1�. The low-
frequency ab-plane reflectance R=0.8 of this sample at 300
K is roughly 20% larger than that of tetragonal �c axis� re-

flectance reported in Ref. 14. However, it is still lower than
the ab-plane reflectance of R
0.85 reported by Spitzer et
al.40 We cannot exclude, therefore that the ab-plane reflec-
tance data of our crystal have an admixture of the c-plane
reflectance. At T=32 K the low-frequency reflectance of the
insulating BaTiO3 drops to 0.62 which corresponds to the
�
72, in excellent agreement with capacitance data at 1 kHz
�not shown�. Overall, the low-frequency reflectance of insu-
lating, B1, and semiconducting, B2 and B3, samples in-
creases with T in the 30–300 K range which is most likely
due to the temperature-dependent phonon contribution to the
dielectric constant. Doping gives pronounced effects on the
low-frequency reflectivity of BaTiO3−�. First, the T depen-
dence of the low-frequency reflectance decreases with dop-
ing. Second, the low-T reflectivity below 200 cm−1 increases
with doping in both semiconducting, B2 and B3, and metal-
lic B4 samples. The low-T conductivity of the B2 and B3
samples is still too low; therefore, we rule out possible Drude
contribution to the low-frequency dielectric constant.

Temperature-dependent region of reflectance in metallic
BaTiO3−� extends to 2500 cm−1 �Fig. 4, sample B4� which is
well beyond the phonon contribution. Low-frequency reflec-
tance of B4 sample is the highest at 28 K in contrast to other
samples studied. This temperature dependence of the low-
frequency reflectance agrees with the dc resistivity data �see
Fig. 2� and is associated with the Drude contribution from
itinerant electrons. Strong reflectance dips at 470 and
750 cm−1 from the IR-active phonons become shallower due
to the screening by the free-charge carriers. Metallic
BaTiO3−� also reveals very strong temperature and frequency
dependence of reflectance valley in the 750–1200 cm−1

range which, in our opinion, also originates from the
temperature-dependent Drude contribution.

Another noticeable effect of doping is found in the mid-IR
range of 2500–9000 cm−1 where a broad reflectance valley
develops in the samples with increasing electron concentra-
tion �see Fig. 4, samples B3 and B4�.

C. Optical conductivity

Temperature evolution of the optical conductivity of
BaTiO3−� samples in the 0–1000 cm−1 range is shown in
Fig. 5. For cubic BaTiO3, the group theory predicts three
triply degenerate IR-active modes of F1u symmetry and one
triply degenerate IR silent mode of F2u symmetry.41 The
three F1u modes in a frequency order from low to high are
identified as the Slater mode �Ti-O bond-length modulation�,
the last mode that involves translational motion of the TiO6
octahedron against Ba atoms, and the axe mode �Ti-O-Ti
bond-angle modulation�. The F2u mode associated with tor-
sional motion of oxygen ions becomes IR and Raman active
in the low-symmetry phases.

According to the literature, upon cooling the Slater mode
undergoes softening in the cubic phase. It saturates at �TO1

31 cm−1 upon approaching TC=403 K.19 According to the
displacive model of the phase transition, it is this �soft� mode
that is responsible for the ferroelectric instability in
BaTiO3.42,43 On the other hand, the last ��TO2
180 cm−1�
and the axe ��TO4
498 cm−1� modes are nearly T indepen-
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dent in a wide temperature range. Below TC, the last and axe
modes develop fine structure in the low-symmetry phases but
their central frequencies remain nearly constant.44 The E
mode that originates from the splitting of the F2u cubic silent
mode shows a very weak intensity. Its frequency remains T
independent at �TO3
310 cm−1 in good agreement with the
Raman data.45,46

Except for the TO1 mode, doping with charge carriers
does not have a significant effect on the TO phonon frequen-
cies in BaTiO3−� �Fig. 5�. Colossal decrease by approxi-
mately 110 cm−1 in the TO1 soft-mode frequency is found
for semiconducting B2 and B3 samples as compared with
undoped B1 sample. This effect is opposite to the case of the
SrTiO3−� and Nb-doped SrTiO3 crystals where the soft-mode
frequency increases with carrier density in a wide concentra-
tion range.25,29 In the rhombohedral phase, T�195 K, me-
tallic B4 sample shows splitting of the soft mode into the
low- and high-frequency components. The high-frequency
component detected as a shoulder in the 1��� plot at �

242 cm−1 recovers to that of the undoped BaTiO3 at
�TO1
241 cm−1. The strongly asymmetric low-frequency
component of the soft mode has a peak at �
166 cm−1

which is approximately 40 cm−1 higher than �TO1 of semi-
conducting B2 and B3 samples �Fig. 5�.

Figure 6 displays a MIR absorption band at
700–7000 cm−1 which develops in the heavily doped B3
and B4 samples. As doping increases, the MIR band gets
stronger and better resolved. At room temperature, the MIR
band is characterized by a broad peak denoted M1 in Fig. 6.
The peak position shifts down from 3500 cm−1 for B3
sample to 2600 cm−1 for more reduced metallic B4 sample.
This doping dependence of the MIR absorption band is simi-
lar to the earlier report on reduced BaTiO3−x epitaxial thin
films27 and La2−xSrxCuO4 cuprates.47 On cooling from 300
K, M1 peak shifts slightly to the higher frequency and a new
sharper and smaller peak, denoted M2 in the figure, develops
at the lower frequency. Intensity of the M2 peak centered at
890 cm−1 �for n=3.1�1019 cm−3� and at 840 cm−1 �for
metallic sample� increases with decreasing temperature and
tends to saturate in the rhombohedral phase; we estimate the
area under the M2 mode by fitting the 1��� of our B4
sample with Lorentzian functions �not shown� and display
the resulting temperature-dependent amplitude in the lowest
panel of Fig. 6. The M2 amplitude tends to saturate in the
Rhombohedral phase. The temperature-dependent amplitude
suggests that the appearance of the M2 absorption band cor-
relates with the structural phase transitions.
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IV. DISCUSSION

A. Soft-mode behavior

Unusually strong and somewhat unexpected doping de-
pendence of the soft phonon mode in BaTiO3−� has been
found in this work. Electron concentration dependence of the
shift in the soft-mode frequency squared, ��TO1

2 , is shown in
Fig. 7. In contrast to VO-doped and Nb-doped SrTiO3
samples that show hardening of the soft-mode frequency
with doping concentration, the frequency of the soft mode in
BaTiO3−� decreases significantly in the semiconducting
samples. However, in metallic BaTiO3−�, the �TO1 nearly
recovers to the value found in undoped BaTiO3.

The origin of the soft-mode hardening in SrTiO3−� has
been discussed by Bäuerle et al.29 Based on the formalism
proposed by Trunov et al.48 it was demonstrated that the role
of the free-carrier concentration in the soft-mode hardening
is negligible. The authors, therefore, have attributed the soft-
mode dependence in SrTiO3−� to the change in the long-
range dipole-dipole interaction and local potential due to
oxygen vacancies.29 This interpretation, however, cannot ex-
plain very similar hardening of the soft mode in Nb-doped
SrTiO3 samples that are free from oxygen vacancies22,25 �see
Fig. 7�.

Two types of oxygen atoms can be distinguished in tetrag-
onal BaTiO3: one in the Ti-O-Ti chains along the c axis
�O�1�� and the other in the Ti-O-Ti orthogonal chains in the
ab plane �along a and b axis� �O�2��. Therefore, one may
expect two types of oxygen-vacancy defects in BaTiO3, i.e.,
VO

c and VO
ab. First-principles calculations of oxygen vacancies

in tetragonal PbTiO3 reveal that the energy difference be-
tween VO

c and VO
ab is around 0.3 eV with VO

c being more
energetically stable.49 Calculation of atomic displacements
closest to the VO

c indicate that Ti ions due to Coulomb repul-
sion are displaced away from the VO

c defect. Therefore, ac-
cording to a simple model, the shorter Ti-O distance should
increase the force constants of remaining Ti-O bonds causing
enhancement of the Slater phonon frequency.50 The Slater
mode dependence in insulating BaTiO3−� shows, however,
an opposite trend.

We conjecture that the remarkable softening of the TO
Slater mode in the insulating BaTiO3−� is associated with the
strong electron-lattice interaction and possible formation of
the small polaron.6,7 Kostur and Allen51 indicate that the
small polaron formation will result in renormalization of
both electron energy and the energy of the local vibrations
near the localized electron. Based on the three-dimensional
model of the small polaron in Ba1−xKxBiO3, the authors find
significant softening of the Bi-O6 breathing phonon mode.51

In addition, if the majority of the small polarons in BaTiO3−�

are isolated Ti3+ defects, as indicated by EPR, the simple
geometric considerations suggest that the magnitude of their
off-center diagonal displacement will be reduced as com-
pared to remaining Ti4+ ions. Since the vibrational frequency
is mostly determined by the shortest Ti-O distance, the over-
all effect of the Ti3+ defects would be to further decrease the
Slater mode frequency.

B. Midinfrared band

Interpretation of the MIR absorption band in n-type
BaTiO3 has been a topic of significant interest and still re-
mains controversial.26,52–55 Early reports52,53 have attributed
the M1-like absorption band in Fig. 6 to optical excitations
of small polarons based on satisfactory agreement between
optical �Eop=500–600 meV� and thermal �Eth=100 meV�
activation energies that for small polarons should satisfy
Eop=4Eth. This interpretation has been later questioned by
Berglund and Braun26 who have assigned the M1 absorption
to the oxygen vacancy related defects based on the M1 an-
isotropy and temperature dependence in the tetragonal phase.
Theoretical studies reveal that the ground state of the singly
ionized oxygen vacancy, VO

· , involves a transfer of electron
density to the 3d3z2−r2 orbital of the two neighbor axial Ti
ions.56,57 Clustering of the two oxygen vacancies in the form
of the axial �VO

·· -Ti2+-VO
·· �·· complex defect with two electrons

localized on the Ti 3d3z2−r2 orbital forming an in-gap elec-
tronic state at 0.6 eV below conduction-band minimum has
been predicted by Cuong et al.58

In a relevant study on Nb-doped SrTiO3, van Mechelen et
al.25 have attributed MIR absorption to the multiphonon
sidebands due to the incoherent electron-phonon coupling.
They found that the missing Drude spectral weight is nearly
recovered in the MIR range. In agreement with a large po-
laron formalism developed by Devreese et al.,59 the MIR
band shows additional low-energy peak upon cooling. The
intensity of the MIR band in our BaTiO3−� samples is com-
parable to that of the Nb-doped SrTiO3 at similar electron
density.25 Both data sets also show similar redshift in the
MIR peak frequency with electron doping. Finally, we ob-
serve a second narrower MIR band �M2� that emerges upon
cooling on the low-energy side. Our data, however, shows a
slight blueshift in the M1 MIR peak upon cooling in agree-
ment with a small polaron scenario.60,61 Similar temperature
dependence of the MIR band has been reported in semicon-
ducting Nd1−xTiO3.62

Although our MIR data do not contradict the small po-
laron interpretation, we would like to exercise caution here.
Over the course of this study it became obvious that in order

1017 1018 1019 1020 1021

-2000

-1000

0

1000

2000

3000 BaTiO3-δ T = 30 K this work
SrTiO3-δ T = 130 K
Nb-SrTiO3 T = 7 K

∆
ω
TO
12
(c
m
-2
)

Electron concentration, n (cm-3)

FIG. 7. Electron concentration dependence of the shift in the
soft-mode squared. The data for Nb-doped and reduced SrTiO3

were adopted from reported work by van Mechelen et al. �Ref. 25�
and Bäuerle et al. �Ref. 29�, respectively. The lines are the guide to
the eyes.
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to clearly separate the possible small polaron and oxygen
vacancy contributions to MIR band, an additional optical
study on La- or Nb-doped BaTiO3 single crystals is required.

V. CONCLUSIONS

Optical properties of BaTiO3−� single crystals reveal that
the symmetry-induced splitting of the fundamental phonon
modes survive for all the samples studied including metallic
one. This provides further evidence of the “ferroelectric
metal” ground state in metallic BaTiO3−�.

Upon doping with oxygen vacancies we found strong
renormalization of the low-energy soft phonon mode, �TO1,
in BaTiO3−� which is qualitatively different from VO-doped
or Nb-doped SrTiO3. In particular, the low-temperature �TO1
in the insulating BaTiO3−� samples is approximately 28%
lower than that of undoped BaTiO3, in very good agreement
with electron-phonon coupling model of Kostur and Allen.51

In metallic BaTiO3−�, due to the free-electron screening, the
soft-mode energy nearly recovers to the value of undoped
BaTiO3.

Midinfrared absorption appears in reduced BaTiO3−�

samples and increases with electron concentration. Upon

cooling the MIR band is split into two bands which is similar
to the behavior of VO-doped or Nb-doped SrTiO3. We find a
correlation between appearance of the M2 band and the
structural phase transition in the system. Both M1 and M2
bands soften and get stronger as the VO concentration in-
creases. Based on the MIR temperature dependence we ten-
tatively assign the M1 and M2 bands to optical excitation of
small polarons. In order to confirm this assignment, more
studies on La- or Nb-doped BaTiO3 crystals that are free
from oxygen vacancies are needed.
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